Objective. Neutrophils represent a prominent component of inflammatory joint effusions and are required for synovial inflammation in mouse models, but the mechanisms are poorly understood. In this study, we developed a system with which to test the importance of the production of specific factors by neutrophils in a mouse model of arthritis.
K/BxN model, which is characterized by autoimmunity to the glycolytic enzyme glucose-6-phosphate isomerase (GPI), has been particularly valuable because disease can be transferred to normal recipients with serum or IgG from arthritic mice (2) , allowing isolated dissection of the effector-phase mechanisms downstream of autoantibody production.
The effector phase can proceed independently of contributions from the adaptive immune system, since lymphocytes are dispensable (2) , but it requires contributions from several cells of the innate immune system. Neutrophils appear to be absolutely necessary, with no contradictory data having arisen since the first report of this finding (3) . Requirements for mast cells (4, 5) and macrophages (6, 7) , in contrast, may depend on the details of the experimental model and are thus more controversial. The effector phase involves several molecular mediators, including the cytokines interleukin-1 (IL-1) and tumor necrosis factor (TNF) (8) , the alternative pathway of complement and the receptor for complement C5a (C5aR) (9) , the low-affinity Fc␥ receptor type III (Fc␥RIII) (5, 9) , the leukocyte adhesion molecule lymphocyte function-associated antigen 1 (LFA-1) (10), and leukotriene B 4 and its receptor BLT-1 (11, 12) . In contrast, the effector phase is independent of the classical pathway of complement activation, the membrane attack complex, and complement receptors CR1, CR2, and CR3 (9, 13) , the high-affinity Fc ␥ receptor type I (Fc␥RI) (9) , the IgE receptor (FcR) (14) , the leukocyte adhesion molecule Mac-1 (10) , and the oxidative burst of neutrophils (3) . Similar requirements have been described for the antibody-mediated effector phase of collagen-induced arthritis (15) (16) (17) (18) (19) .
On the other hand, it is not clear from the experiments summarized above how these molecular triggers are orchestrated, in particular, which cell types require which signaling pathway for the unfolding of antibody-mediated arthritis. While it has been shown that mast cells require IL-1, FcR␥, and the C5aR (14, 20) , the molecular details of neutrophil involvement remain less charted. Recently, the roles of neutrophil expression of 5-lipoxygenase (5-LOX; required for leukotriene synthesis) and BLT-1 in the K/BxN serumtransfer model were demonstrated by restoration of susceptibility to arthritis by transfer of normal neutrophils into strains that are genetically deficient in these 2 factors (11, 12) . The importance of neutrophil expression of any of the other required factors listed above is unknown but is plausible in many cases, given that they can express, or be affected by, most of the critical molecular components of the effector phase of autoantibody-mediated arthritis.
With regard to inflammatory cytokines, neutrophils can be induced to express IL-1␣ and IL-1␤ and to secrete IL-1␤ by stimulation with lipopolysaccharide (LPS), granulocyte-macrophage colony-stimulating factor (GM-CSF), or IL-1 itself (21, 22) . LPS or GM-CSF also induces the synthesis and release of TNF (23) (24) (25) . When added to neutrophils in vitro, IL-1 promotes the synthesis of leukotriene B 4 (26) and primes these cells for phagocytosis, degranulation, and superoxide generation in the presence of other stimuli (27) (28) (29) . Both IL-1 and TNF enhance the bactericidal function of neutrophils (30) , but the expression of IL-1 receptor type I (IL-1RI) by neutrophils was recently shown to be dispensable for IL-1-dependent recruitment in vivo (31) .
Mouse neutrophils express both stimulatory (Fc␥RI, Fc␥RII, and Fc␥RIV) and inhibitory (Fc␥RII) Fc receptors (32) . Fc␥RIII is important for the binding of immune complexes and the associated mobilization of calcium, the activation of phospholipase A, and downstream effects, such as the oxidative burst (33) . As for factors involved in the migration of neutrophils out of the vasculature and into tissues, the integrin LFA-1 (CD11a/ CD18) is important in their tight adhesion to vascular endothelium that precedes extravasation into tissues. The absence of CD18, which leads to the loss of LFA-1 and other adhesion molecules, is the cause of a well-described human immunodeficiency associated with chronic bacterial infections. The anaphylatoxin C5a is a potent chemoattractant for neutrophils (34) , reduces their sensitivity to apoptosis (35) , induces the oxidative burst, and promotes phagocytosis, degranulation (36, 37) , increased expression of adhesion molecules (38) , and production of macrophage migration inhibitory factor (MIF) (39) .
To dissect the role of neutrophils in inflammatory arthritis, we developed a transfer model with which to generate mice lacking expression of a given factor in this cell type. Mice with disruption of the gene for the transcription factor Gfi-1 have a selective defect in the ability to generate mature neutrophils (40) . We first established that Gfi-1-deficient mice are, as expected, highly resistant to serum-transfer arthritis. Thus, we could use these mice as hosts for neutrophil precursors derived from a panel of mutant strains, thereby assessing which pathways need to be operative in neutrophils for the induction of antibody-mediated arthritis.
MATERIALS AND METHODS
Mice. KRN and K/BxN mice were generated and propagated as described previously (41) . Gfi-1 ϩ/-mice, which were generated on a mixed C57BL/6 (B6) and 129 genetic background (40) , were a gift from S. Orkin (Children's Hospital and Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA) and were bred to obtain Gfi-1 -/-and littermate control mice. This colony was maintained on treatment with trimethoprim/sulfamethoxazole, which greatly improved the health of the Gfi-1 -/-mice and led to a low mortality rate. Mice deficient in both IL-1␣ and IL-1␤ (42) and back-crossed to the B6 background were a gift from Y. Iwakura (University of Tokyo, Tokyo, Japan). Mice deficient in C5aR (43) and back-crossed to the B6 background were a gift from C. Gerard (Children's Hospital, Harvard Medical School, Boston, MA), mice deficient in CD11a (44) and back-crossed to the B6 background were a gift from C. Ballantyne (Baylor College of Medicine, Houston, Texas), and mice lacking 5-LOX (45) All mice were maintained under specific pathogenfree conditions at Harvard Medical School facilities according to protocol 03024, which was approved by the Institutional Animal Care and Use Committee.
Screening for Gfi-1 -/-mice. We developed a polymerase chain reaction-based screening procedure that was simpler than the one originally described (40) . Tail DNA was amplified using standard conditions and the following primers: for the 5Ј knockout (Neo), GTAGAATTCCCCGCAAGAGGCCC, for the 3Ј knockout, AGAACACCTGAGGGCGAGT, for the 5Ј wild-type, AGCCTGGGGACAGGTTTTAC, and for the 3Ј wild-type, AACCTAAACCTGGCCGAACT. The wild-type Gfi-1 allele appeared as a band of ϳ680 bases, and the disrupted allele as a band of ϳ450 bases.
Bone marrow reconstitution. Recipient mice were administered sublethal doses of radiation (4 Gy , all of which were purified and biotinylated in-house), followed by streptavidin microbeads and magnetic depletion via magnetic-activated cell sorting (Miltenyi Biotech, Sunnyvale, CA) according to the manufacturer's instructions. The remaining cells were washed with phosphate buffered saline (PBS) and injected intravenously at a concentration of 2-10 ϫ 10 5 cells per recipient mouse. Two weeks later, the presence of mature neutrophils was confirmed by examination of blood smears, and arthritis was induced within a week of this evaluation.
In some experiments, circulating mature neutrophils were quantified 2 weeks after arthritis induction by hemocytometer counting of Ͼ100 white blood cells combined with flow cytometry to determine the percentage of white blood cells that were neutrophils, based on light-scatter profiles and In other experiments, recipient mice were not irradiated, and unfractionated BMCs, in an amount equivalent to that obtained from the femurs and tibias of 1 donor B6 mouse, were injected intravenously each day for 4 days (denoted as days 0-3). K/BxN serum (see below) was coinjected intravenously with the cells on days 0 and 2.
Serum-transfer arthritis. Serum was collected from K/BxN mice at 7 weeks of age and stored at -20°C. Serum was injected intraperitoneally by our standard protocol, administering 0.15 ml on day 0 and again on day 2. The 4 paws were assessed by grading the changes according to a clinical index routinely used in our laboratory (46) , and the right ankle was measured with precision calipers (Kafer dial thickness gauge with flat anvils; Long Island Indicator Service, Hauppauge, NY). Each paw is graded on a scale of 0-3 (total score 0-12), where 0 ϭ no swelling, 1 ϭ swelling confined to 1 or 2 digits or mild swelling of the larger structures, 3 ϭ severe arthritis involving the wrist or ankle but extending along the dorsum of the paw to the bases of the digits, and 2 ϭ severity intermediate between grades 1 and 3. Arthritis was evaluated at least twice a week, and the results in different groups were compared by 2-tailed t-tests. P values less than 0.05 were considered significant.
Flow cytometry. To prevent neutrophil activation, all steps were performed at room temperature or warmer. Blood was collected into tubes containing PBS/EDTA, and red blood cells were removed by Dextran precipitation and hypotonic lysis. The remaining cells were treated with monoclonal antibody 2.4G2 to block Fc receptors, then stained with various combinations of labeled monoclonal antibodies and analyzed on a Coulter Epics XL-MCL instrument (Coulter, Hialeah, FL). Mature neutrophils were identified by the forward versus side light-scatter profile and by Gr-1 high and Mac-3-staining. Synovial fluid cells were obtained by puncture of an inflamed ankle or wrist, with collection of the fluid by micropipette. The synovial fluid was immediately diluted in PBS containing 10 mM EDTA, and staining proceeded as above.
Staining reagents included the following: phycoerythrin (PE)-conjugated anti-Gr-1 (produced in our laboratory using monoclonal antibody RB6-8C5), fluorescein (FITC)-conjugated anti-Mac-3 and anti-CD45.2, and biotinylated anti-CD16/32, anti-CD45.1, and anti-CD45.2 (all from BD PharMingen, San Diego, CA), FITC-labeled anti-F4/80 (Serotec, Raleigh, NC), streptavidin-PE (Jackson ImmunoResearch, West Grove, PA), and streptavidin-PE-Cy5 (DakoCytomation, Carpinteria, CA).
Immunofluorescence staining. Tissue containing the joints of the ankle and midfoot was skinned, then immediately frozen in OCT medium, stored at -80°C, then sectioned without decalcification using a tape-transfer method (4, 9, 47) . Frozen sections were fixed in cold acetone, blocked with 2% bovine serum albumin and 0.1% Tween 20, stained with FITC-labeled anti-CD11b (eBioscience, San Diego, CA) and either biotinylated anti-CD45.1 or biotinylated anti-CD45.2 monoclonal antibodies followed by streptavidin-PE, then mounted using GelMount (Biomeda, Foster City, CA) aqueous medium. Microscopy was performed using a Zeiss Axioplan 2 instrument equipped with a Spot RT Slider CCD camera (Diagnostic Instruments, Sterling Heights, MI) and IPLab imaging software (Scanalytics, Billerica, MA).
RESULTS

Gfi-1
-/-mice are resistant to serum-transfer arthritis. The involvement of neutrophils in antibodyinduced arthritis is well accepted, but it is worth noting that this contention rests mainly on experiments that relied on depletion of neutrophils by anti-Gr-1 antibody, which is now known to recognize other leukocyte subsets (3). We set out first to confirm an essential role of neutrophils using genetically deficient animals. Gfi1 encodes a zinc-finger transcription factor expressed in granulocyte and lymphocyte lineages. Mutation of this gene results in a profound defect in the terminal differentiation of neutrophils; differentiation of lymphocytes is inefficient, but mature and functional B and T cells accumulate to normal levels (40, 48) . Evaluation of toluidine blue-stained sections of ankle joints revealed mast cells in the connective tissue, and the synovial lining looked grossly normal on hematoxylin and eosin-stained sections (results not shown). Experiments on bone marrow chimeras (see below) confirmed the presence of CD11b-positive macrophages of host Gfi-1 -/-origin in the synovial lining.
Healthy Gfi-1 -/-mice ages 5-12 weeks were injected with K/BxN serum following our standard protocol, and as expected, proved to be highly resistant to arthritis. Most of them never presented with any disease whatsoever (clinical index 0), while a few showed mild or very mild arthritis (maximum clinical index 1-4 on a scale of 0-12) ( Figure 1A) .
Sublethally irradiated Gfi-1 -/-mice reconstituted with normal BMCs produce mature neutrophils and are sensitive to arthritis induction. Gfi-1 -/-mice are profoundly deficient in their production of mature neutrophils, but they also have defects in other leukocyte lineages (see Discussion). To test whether sensitivity to arthritis in Gfi-1 -/-mice could be restored by reconstitution of the neutrophil population, we injected bone marrow cells daily for 4 days, with coinjection of K/BxN serum on the first and third days. Of the 4 mice treated this way, 3 developed severe arthritis with the typical kinetics of serum-transfer arthritis ( Figure 1B) . In separate experiments, a single injection of BMCs did not lead to the production of donor-derived leukocytes (data not shown). Together, these experiments indicated that the defect that leads to arthritis resistance could be rapidly reversed by short-lived circulating cells, which are therefore presumably neutrophils.
Since this reconstitution strategy would have been prohibitively expensive for larger-scale experiments, we developed an alternative approach based on sublethal irradiation and donor BMC engraftment. Gfi-1 -/-mice were irradiated (4 Gy), then reconstituted with 10 6 lineage-depleted BMCs from wild-type mice. Donors were congenic for the CD45.1 allele, allowing us to ascertain the origin of the myeloid cells in the mice that received the BMCs. The numbers of blood neutrophils and other leukocytes of donor (CD45.1) or host (CD45.2) origin were monitored over time. Neutrophils were of donor origin and, as shown in Figure 1C , they reached numbers comparable with those of unmanipulated mice by day 10-14. By day 14, there was significant chimerism among monocytes and lymphocytes in the same mice, with 59-69% and 72-86%, respectively, being of donor origin. Chimerism was also assessed in tissue macrophages around the ankle joint (type A synoviocytes) using immunofluorescence staining. In the 3 mice examined, staining of the synovial lining for CD11b colocalized with staining for CD45.2 (host hematopoietic cells) but not with CD45.1 (donor cells) ( Figure 1D ). Mast cells could not readily be assessed by this method, but since they are highly radioresistant (like tissue macrophages), they were likely to be of host origin.
Reconstituted Gfi-1 -/-mice were challenged with K/BxN serum and proved to be highly susceptible to arthritis induction (36 of 39 mice), with average disease severity being greater than that seen concomitantly in unreconstituted Gfi-1 ϩ/ϩ littermates ( Figure 1E ). The reason for this increase in severity is unclear; most likely, it reflects either exuberant repopulation of the neutrophil compartment or the smaller size of the Gfi-1 -/-mice, which might lead to a higher concentration of the arthritogenic anti-GPI antibodies.
Thus, the neutrophil deficiency imparted by the Gfi-1 deficiency had a profound effect on sensitivity to arthritis. Complementation of this defect by short-term reconstitution with bone marrow-derived precursors provided a robust tool with which to test the genetic and molecular requirements in this reconstituting population.
Arthritis development does not require neutrophils to make, or respond to, IL-1 or TNF. IL-1 and TNF are critical inflammatory cytokines in the K/BxN serumtransfer model as well as many other mouse models of rheumatoid arthritis (1, 8) . Neutrophils can be induced to secrete both of these cytokines (21) (22) (23) (24) (25) 49) . Mast cells are one important source of IL-1 in the serum-transfer model, but only very early in the course of disease, with another, unidentified, cell type needed to make it subsequently (14) . In addition, IL-1 and TNF activate proinflammatory and microbicidal pathways in neutrophils, indicating the presence of functionally relevant receptors for these mediators (26) (27) (28) (29) (30) .
Mice with disruptions of the genes for IL-1 (both ␣ and ␤) or TNF were used as BMC donors for sublethally irradiated Gfi-1 -/-recipients. These chimeras retained susceptibility to arthritis (Figure 2 ). Mice reconstituted with cells lacking expression of IL-1␣ and IL-1␤ developed somewhat less severe arthritis than did control mice. Thus, although the production of IL-1 by neutrophils is not absolutely required for arthritis, these cells might nevertheless be an important source of IL-1. In contrast, arthritis severity was not significantly reduced in mice receiving BMCs from TNF -/-donors. Mice with disruptions of the genes for IL-1RI or the TNFRs (both I and II) were also used as BMC donors for Gfi-1 -/-recipients. The arthritis incidence and severity were indistinguishable whether normal, IL-1RI -/-, or TNFR -/-reconstituting cells were used ( Figure 2) . Thus, responsiveness to IL-1 and TNF is also not essential for neutrophil function in this model.
Neutrophils do not need to make ␤-leukotrienes for arthritis to develop. Leukotriene B 4 , a proinflammatory lipid mediator produced by an enzyme cascade that includes 5-LOX, is also important in the K/BxN serumtransfer model. Production of 5-LOX by neutrophils is sufficient to facilitate arthritis according to the results of studies examining the reconstitution of 5-LOX -/-mice with wild-type mature neutrophils (11) .
Thus, we expected that the expression of 5-LOX by neutrophils would be an absolute requirement as well. Surprisingly, Gfi-1 -/-mice reconstituted with 5-LOX -/-BMCs were susceptible to arthritis, although perhaps with lower severity than that seen with normal BMCs (Figure 3) . Thus, neutrophil production of leukotriene B 4 contributes to arthritis severity and is sufficient for arthritis induction, but it is not necessary. Arthritis requires neutrophils for signaling via FcR, but not Fc␥RIII. Arthritis in the K/BxN serumtransfer model is mediated by immune complexes, and Fc receptors for IgG are critical for arthritis induction (5,9). Neutrophils express both high-affinity (Fc␥RI) and low-affinity (Fc␥RIII and Fc␥RIV) Fc receptors with activating properties (32, 33) .
Mice with disruption of the common ␥-signaling chain (used by Fc␥RI, Fc␥RIII, Fc␥RIV, FcR, and other receptors) were used as BMC donors for Gfi-1 -/-recipients. Neutrophil expression of FcR␥ was required for arthritis development (Figure 4 ). Because these chimeras remained resistant to arthritis, we confirmed that circulating neutrophils were reconstituted to normal levels in Gfi-1 -/-mice that received FcR␥ -/-BMCs (data not shown).
Previous experiments have shown that Fc␥RIII is the main Fc receptor involved in K/BxN arthritis, although unlike FcR␥ -/-mice, Fc␥RIII -/-mice are not completely resistant to arthritis (5, 9) . Given the absolute requirement for FcR␥ in neutrophils, we surmised that Fc␥RIII would also be essential. Surprisingly, this proved not to be the case, since the transfer of Fc␥RIII-deficient neutrophil precursors still allowed the development of robust arthritis (Figure 4) . We confirmed by flow cytometric staining that the donor-derived neutrophils showed the profile of Fc␥RIII-deficient cells (data not shown). In addition, 2 Fc␥RIII -/-mice from the same lot as the donors were injected concurrently with K/BxN serum, but they did not develop any clinical evidence of arthritis.
Thus, there is a requirement for Fc receptor signaling in neutrophils for the development of arthritis, but it is one that does not seem to require Fc␥RIII.
Neutrophils require the expression of LFA-1 and C5aR to promote arthritis. Neutrophil extravasation requires adhesion to the endothelium, as well as chemo- tactic signals that promote both adhesion and subsequent migration into the underlying tissue. Among the many molecules involved in neutrophil extravasation, 2 are notable for also having been identified as being essential in the K/BxN serum-transfer model: CD11a/ CD18 (LFA-1), which is an integrin that is important in firm adhesion to intercellular adhesion molecule 1 and other receptors on endothelial cells (10) , and C5aR, the receptor for the complement cleavage product C5a, which is a potent chemotactic factor and activator of neutrophils (9, 34, 36, 38) . C5aR -/-mice and CD11a -/-mice were used as BMC donors as above. Gfi-1 -/-mice reconstituted with these cells remained highly resistant to arthritis ( Figure  5A ). The presence of normal numbers of circulating neutrophils was confirmed in recipients of CD11a -/-cells. In addition, mixed chimeras (see below) confirmed the ability of either CD11a -/-or C5aR -/-precursors to generate numbers of circulating neutrophils similar to those in normal (CD45.1-marked) BMCs.
That neutrophils required the expression of adhesion molecules and chemoattractant receptors led to the question of whether those molecules would still be required for neutrophils to enter the joint if inflammation were to be initiated by normal neutrophils. Gfi-1 -/-mice were reconstituted with 1:1 mixtures of BMCs from gene-disrupted (CD45.2) and wild-type (CD45.1) mice, then challenged with K/BxN serum. Such mice routinely developed severe arthritis. Joint fluid and blood were collected, and the percentages of neutrophils of wildtype and mutant origin were determined. Neutrophils deficient in C5aR entered the joint space as efficiently as Values are the mean Ϯ SEM of 6-7 arthritic mice per group. Differences between groups at 1.5 weeks after serum transfer were significant at P ϭ 0.047 for the Gfi-1 ϩ 5-LOX mice versus the Gfi-1 ϩ WT mice. did wild-type neutrophils ( Figure 5B ). CD11a -/-neutrophils emigrated at somewhat lower efficiency but were nevertheless found in the inflamed synovial fluid. As an additional control, FcR␥ -/-neutrophils were also evaluated and, as expected, migrated as efficiently as the wild-type neutrophils.
Thus, although neutrophil expression of LFA-1 and C5aR is required to initiate inflammatory arthritis, these surface receptors are not absolutely essential for neutrophil egress into inflamed synovium. Signaling through either of these receptors may still be necessary.
DISCUSSION
Using a system that entails the transfer of bone marrow precursor cells into a neutrophil-deficient strain of mice, we found that neutrophil expression of FcR␥, C5aR, and CD11a/LFA-1 is required for the induction of inflammatory arthritis by anti-GPI antibodies, but that synthesis of Fc␥RIII, IL-1 ␣ and ␤, TNF, IL-1RI, TNFR types I and II, and 5-LOX by this cell type is not required. For the required factors, mixed chimeras containing normal and mutant donor cells were used to confirm that the mutant precursor cells were able to produce mature neutrophils in normal numbers and to demonstrate that neutrophils lacking C5aR or CD11a/ LFA-1 were competent to enter the inflamed synovial fluid within a few days of arthritis onset. Among the nonessential neutrophil-made factors, only IL-1␣/␤ and 5-LOX showed some influence on the severity of arthritis.
The production of 5-LOX by neutrophils is sufficient to facilitate arthritis, since reconstitution of 5-LOX -/-mice with wild-type mature neutrophils restored arthritis susceptibility (11) . Thus, we were surprised to find that Gfi-1 -/-mice reconstituted with 5-LOX -/-BMCs were susceptible to arthritis, although perhaps with lower severity than that seen using normal BMCs. However, these findings remain consistent with the published findings (11) based on the following reasoning: neutrophil production of leukotriene B 4 contributes to arthritis severity and is sufficient for arthritis induction, but it is not entirely necessary.
The necessity of FcR␥ signaling by neutrophils was expected, but the dispensability of Fc␥RIII was surprising, given that mice lacking this molecule are moderately resistant to the development of arthritis (9) . Thus, Fc␥RIII is apparently more important on another cell type, and signaling through another FcR␥-dependent receptor (instead of or in addition to Fc␥RIII) is required on neutrophils. Certainly, either Fc␥RI or Fc␥RIV could deliver an activating signal, but neither of these receptors binds well to IgG1, the Figure 5 . Arthritis induction in mice with neutrophils lacking C5aR or CD11a/lymphocyte functionϪassociated antigen 1 (LFA-1), and influx of these mutant neutrophils into inflamed joints. A, Gfi-1 -/-mice were administered sublethal doses of radiation and then reconstituted with bone marrow cells (BMCs) from donor mice lacking expression of either C5aR or CD11a/LFA-1 or with BMCs from wild-type (WT) control mice. Arthritis was induced by transfer of K/BxN mouse serum 2 weeks after reconstitution, and the incidence (clinical index Ն3 on multiple occasions) and severity (clinical index range 0-12 per mouse or change in ankle thickness) were monitored over the next 2 weeks. Numbers at the right of the keys are the number of mice positive/total number in the group. Values are the mean Ϯ SEM of 4-7 mice per group. Differences between groups at 1.5 weeks after serum transfer were significant at P Ͻ 0.001 for Gfi-1 ϩ C5aR mice or Gfi-1 ϩ CD11a/LFA-1 mice versus Gfi-1 ϩ WT mice. B, Gfi-1 -/-mice were administered sublethal doses of radiation and then reconstituted with mixtures of BMCs from WT (CD45.1) and mutant (CD45.2) mice. Blood and synovial (syn) fluid were harvested from arthritic mice 2-13 days after serum transfer, and the percentages of neutrophils (N) of WT and mutant origin were determined by flow cytometry. Groups of odds ratios obtained in multiple trials were compared by analysis of variance and Tukey-Kramer multiple comparisons tests and yielded significant differences between groups at P Ͻ 0. (53), and/or osteoclastassociated receptor (54) , could be required. The ability of neutrophils that lack either C5aR or CD11a/LFA-1 to enter the synovial fluid once inflammation is initiated by normal neutrophils is strikingly similar to what has been reported for BLT-1 -/-neutrophils (12) . Thus, the factors that can perpetuate neutrophil extravasation seem to be more redundant than those that are required to initiate it. It remains unclear whether any of these receptors is required for neutrophil activation above and beyond extravasation.
The adoptive-transfer model described herein appears to produce mature neutrophils of strictly donor origin. Those conclusions based on strong differences in arthritis susceptibility are unlikely to be weakened by the presence of chimerism in non-neutrophil leukocyte lineages; the development of severe arthritis in mixed chimeras of normal and mutant BMCs is also evidence against such an issue. However, less striking findings, such as the decreased severity of arthritis associated with neutrophil deficiency in IL-1 or 5-LOX, should be interpreted more cautiously.
It is also important to consider the possibility that Gfi-1 -/-mice might have other defects in non-neutrophil lineages relevant to arthritis that might be corrected by the protocol we have developed. We addressed this issue directly by repeated infusion of large numbers of normal BMCs into nonirradiated Gfi-1 -/-mice, which immediately restored susceptibility to arthritis ( Figure 1B) . Since a single injection of BMCs into nonirradiated Gfi-1 -/-recipients did not lead to engraftment of precursors capable of producing neutrophils over time, these findings strongly suggested that short-lived bone marrow-derived cells introduced into the circulation, which were therefore most plausibly neutrophils or short-lived precursors of neutrophils, were capable of correcting the defect in Gfi-1 -/-mice. Complementation of defects in other lineages seems unlikely to have played an important role on other grounds as well. First, although Gfi-1 -/-mice are known to have aberrant dendritic cell function (55) and decreased numbers and altered function of lymphocytes (48, (56) (57) (58) , K/BxN serum readily induced arthritis in lymphocyte-deficient RAG-1 -/-mice (2) and in mice depleted of dendritic cells using a CD11c-associated toxin (59) . Second, our findings cannot be explained by simple reconstitution of a defective mast cell population because when mast cells were used to reconstitute W/W v mice, they had to express not only FcR␥ and C5aR, but also IL-1 for arthritis to develop (14, 20) . In addition, mast cell engraftment is not apparent until more than 7 weeks after transfer of precursors (60) .
These findings need to be considered in the context of several pieces of existing data, some of which are the subject of controversy. In particular, the importance of mast cells has been questioned, since one mast cell-deficient strain (W/W v ) is arthritis-resistant (4,5), whereas another (W sh ) is arthritis-sensitive (61) . Both of these strains have multiple other hematologic abnormalities that could, respectively, decrease or increase susceptibility to arthritis (62) . We find the data on reconstitution of W/W v mice with mast cell precursors (4,14) to provide compelling support for an important role of mast cells, although in certain settings, they are not essential.
Data that we will include in a revised model consist of the following: 1) an overall requirement for FcR␥ and Fc␥RIII, but not Fc␥RI or FcR, for the development of arthritis (9, 14) ; 2) the importance of mast cell expression of IL-1, FcR␥, and C5aR (14, 20) ; 3) the ability of exogenous IL-1 to circumvent the requirement for mast cells, but the necessity for another cell type to make this cytokine in order to perpetuate arthritis for more than a few days (14); 4) a requirement for neutrophils to express BLT-1 in order to initiate arthritis (12); 5) an overall need for 5-LOX and the restoration of sensitivity to arthritis by its expression only in neutrophils (11); 6) a requirement for neutrophils and mast cells in the early phase of vascular permeability that precedes arthritis, and a requirement for FcR␥ in this phase but only on radioresistant cells (63) ; and 7) the dispensability of C5aR, BLT-1, TNF, and IL-1 in this early vascular phase (63) .
The findings of the current study lead to the following revised model of serum-transfer arthritis, which remains consistent with previously described findings ( Figure 6 ). First, IgG-containing immune complexes interact with radioresistant Fc␥RIII-expressing cells, likely including mast cells, both near to and distant from the joint, to generate vasoactive amines that promote the extravasation of immune complexes and plasma proteins, including complement; neutrophils are required in this phase, but their role is unclear (63) . Second, immune complexes are deposited in joint tissues and activate complement, leading to the activation of mast cells to produce IL-1 (14) , and perhaps of resident synovial macrophages to produce other important mediators. Neutrophils are recruited and activated via C5aR, BLT-1 (12), and 1 or more FcR␥-dependent receptors and participate in both tissue damage and perpetuation of inflammation by secretion of IL-1, ␤-leukotrienes (11), and probably other mediators. Based on studies of human synovial tissues, macrophages are likely to be a major source of both IL-1 and TNF once inflammation has been initiated, but this has not been formally demonstrated in mice. Third, within a few days of the initiation of inflammation, there is considerable redundancy in the neutrophil receptors required for influx, with LFA-1, C5aR, and BLT-1 all individually dispensable (12) ; whether these receptors remain essential for neutrophil activation is unknown.
Reconstitution of Gfi-1 -/-mice might prove useful in assessing the role of neutrophils in other models of inflammatory arthritis as well as in models of other diseases, such as cutaneous vasculitis (Arthus reaction), antiphospholipid antibody-induced pregnancy loss (64) , and glomerulonephritis induced by antimyeloperoxidase antibodies (65) .
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